Boise State University

ScholarWorks
Geosciences Faculty Publications and
Presentations

Department of Geosciences

10-1-2022

Upper-Plate Structure and Tsunamigenic Faults Near the Kodiak
Islands, Alaska, USA
Marlon D. Ramos
Boise State University

Lee M. Liberty
Boise State University

Peter J. Haeussler
U.S. Geological Survey

Robert Humphreys
U.S. Geological Survey

Research Paper

GEOSPHERE
GEOSPHERE, v. 18, no. 5
https://doi.org/10.1130/GES02486.1
8 figures; 1 table
CORRESPONDENCE: ramosmd@umich.edu
CITATION: Ramos, M.D., Liberty, L.M., Haeussler, P.J.,
and Humphreys, R., 2022, Upper-plate structure and
tsunamigenic faults near the Kodiak Islands, Alaska,
USA: Geosphere, v. 18, no. 5, p. 1474–1491, https://
doi.org/10.1130/GES02486.1.
Science Editors: Shanaka de Silva
Christopher J. Spencer
Associate Editor: Craig H. Jones
Received 17 September 2021
Revision received 11 February 2022
Accepted 5 May 2022
Published online 12 July 2022

Upper-plate structure and tsunamigenic faults near the Kodiak
Islands, Alaska, USA
Marlon D. Ramos1,2, Lee M. Liberty2, Peter J. Haeussler3, and Robert Humphreys3
Department of Earth and Environmental Sciences, University of Michigan, 1100 North University Avenue, Ann Arbor, Michigan 48109-1005, USA
Department of Geosciences, Boise State University, 1910 University Drive, MS 1535, Boise, Idaho 83725-1535, USA
3
U.S. Geological Survey, 4210 University Drive, Anchorage, Alaska 99508, USA

1

2

ABSTRACT
The Kodiak Islands lie near the southern terminus of the 1964 Great Alaska earthquake rupture area
and within the Kodiak subduction zone segment. Both local and trans-Pacific tsunamis were generated
during this devastating megathrust event, but the local tsunami source region and the causative faults
are poorly understood. We provide an updated view of the tsunami and earthquake hazard for the Kodiak
Islands region through tsunami modeling and geophysical data analysis. Using seismic and bathymetric
data, we characterize a regionally extensive seafloor lineament related to the Kodiak shelf fault zone, with
focused uplift along a 50-km-long portion of the newly named Ugak fault as the most likely source of the
local Kodiak Islands tsunami in 1964. We present evidence of Holocene motion along the Albatross Banks
fault zone, but we suggest that this fault did not produce a tsunami in 1964. We relate major structural
boundaries to active forearc splay faults, where tectonic uplift is collocated with gravity lineations. Differences in interseismic locking, seismicity rates, and potential field signatures argue for different stress
conditions at depth near presumed segment boundaries. We find that the Kodiak segment boundaries
have a clear geophysical expression and are linked to upper-plate structure and splay faulting. The tsunamigenic fault hazard is higher for the Kodiak shelf fault zone when compared to the nearby Albatross Banks
fault zone, suggesting short wave travel paths and little tsunami warning time for nearby communities.

■ INTRODUCTION
Nearly the entire ~4000-km-long Alaska-Aleutian
subduction zone has ruptured in tsunamigenic
M>8 earthquakes during the past century (Plafker,
1969; Carver and Plafker, 2008; Ryan et al., 2011).
Spatial and temporal distributions of these large
earthquakes have given rise to the notion that
the subduction zone is segmented (Nishenko and
Jacob, 1990), with the presumption that different
portions of the fault have unique earthquake cycles.
The last rupture near the Kodiak Islands resulted
from the M9.2 1964 Great Alaska Earthquake (GAE;
Fig. 1). This earthquake initiated from the slip patch,
or asperity, affiliated with the Prince William Sound
This paper is published under the terms of the
CC‑BY-NC license.

Marlon D. Ramos

https://orcid.org/0000-0003-4449-8624

(PWS) segment, where uplift of up to 12 m was
measured along the Patton Bay splay fault system
(Plafker, 1969; Liberty et al., 2013). The slip extended
through the Kenai segment (Suito and Freymueller,
2009) and terminated ~700 km to the southwest,
beyond the Kodiak Islands (Johnson et al., 1996;
Ichinose et al., 2007).
On the Kodiak Islands, local tsunami run-up
was observed in 1964 (Kachadoorian and Plafker,
1967; Fig. 2), but seafloor displacements were not
identified. The paleoseismic record shows evidence
for many M8+ Holocene megathrust earthquakes
associated with the Kodiak and adjacent segments
(Nishenko and Jacob, 1990; Hutchinson and Crowell, 2007; Carver and Plafker, 2008; Briggs et al.,
2014; Shennan et al., 2014, 2018), but the location,
geometry, and slip history of faults that splay

from the megathrust are unknown. Given the
robust paleoseismic evidence of large megathrust
earthquakes, understanding this region’s fault kinematics are important to seismic and tsunami hazard
analysis and risk mitigation.
As most of the Gulf of Alaska forearc is submerged (Fig. 1), paleoseismic studies have mostly
relied on land elevation changes and the coastal sediment record to extract regional subsidence and uplift
signals from earthquakes. However, these records do
not uniquely constrain earthquake sources, cumulative slip estimates, or along-strike rupture limits
from past earthquakes. Modern seismic, geodetic,
and paleoseismic data suggest that M7+ earthquakes occur near the Kodiak Islands region every
few decades, tsunami-capable M8 earthquakes have
a median return-period of a hundred or more years,
and multi-segment M9 great earthquakes have
even longer return periods (Shennan et al., 2014).
This temporal mismatch in coseismic behavior
between the Kodiak segment and neighboring subduction zone segments suggests differences in strain
accumulation and release along the plate interface
which may be preserved in upper-plate structures.
The potential drivers of segmented megathrust ruptures and upper-plate deformation may stem from
the subduction of rough seafloor topography (e.g.,
seamounts, fracture zones) or variable sediment
volume and associated fluid content. Geophysical
data have the potential to map active faults and to
characterize along-strike variations in upper- and
lower-plate structures that may uncover millennial-
scale seismic behaviors.
In this paper, we identify and characterize faults
in the region of the Kodiak segment using legacy
and new bathymetric, seismic, and potential field

© 2022 The Authors
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upper-plate deformation and assess signatures of
segmentation around the Kodiak Islands.

■ TECTONIC SETTING
N

Neogene to present faults

W
Figure 1. Great Alaska earthquake (GAE) rupture area (gray line) with shaded relief topography of the Gulf
of Alaska region. Arrows denote rupture extent and age of previous megathrust earthquakes (e.g., Carver
and Plafker, 2008; Briggs et al. 2014; Shennan et al., 2014). Patton Bay fault zone (PBfz) near Prince William
Sound (Liberty et al., 2019) represents the region of maximum uplift during the GAE. Dotted black lines
denote inferred subduction zone segment boundaries (Nishenko and Jacob, 1990; Suito and Freymueller,
2009). Inset map shows Neogene and active seafloor scarps interpreted as mostly reactivated reverse or
thrust faults (red lines). Major fracture zone structures subducting below the Kodiak forearc include the Aja
and 58°N fracture zones. Top inset represents the greater Alaska-Aleutian subduction zone. P—Prince William Sound terrane, C—Chugach terrane, Y—Yakutat terrane. Color map from Crameri and Shephard (2018).

data sets. We relate motion on these faults to both
the GAE and other post–Last Glacial Maxima (LGM)
Holocene earthquakes. We use the distribution of
mapped faults to characterize upper-plate structure
and to constrain the asperity boundaries and potential earthquake rupture limits. We use bathymetry
data to back-project first-arrival tsunami travel times
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that were recorded during the 1964 earthquake and
to identify tectonic scarps. We identify the faults
that lie beneath these scarps with seismic-reflection
data and estimate splay fault geometries and uplift
rates from these data. Finally, we use satellite freeair gravity and EMAG2 magnetic anomaly data
sets (Maus, 2009; Sandwell et al., 2014) to infer

Tsunamigenic splay faults have been imaged
within the Gulf of Alaska forearc with seismic and
bathymetric data (von Huene et al., 2012; Liberty
et al., 2013; Haeussler et al., 2015; Li et al., 2018;
Liberty et al., 2019). Similar fault geometries and
seafloor uplift patterns presumably span the length
of this subduction zone, but differences in plate
geometry and subducting structure may give rise
to differences in forearc structures and earthquake
potential. From teleseismic receiver function and
crustal-scale, active-source seismic data across the
Gulf of Alaska, we know that faults splay from the
subduction interface where this megathrust dips to
the north between 3°–9° (Moore et al., 1991; Eberhart-Phillips et al., 2006; Liberty et al., 2013; Kim et
al., 2014; Haeussler et al., 2015; Bécel et al., 2017,
Hayes et al., 2018).
The Kodiak Shelf fault zone (KSfz) and Albatross
Banks fault zone (ABfz) have been inferred to control
upper-plate fault motions near the Kodiak Islands
(Fig. 2; Fisher and von Huene, 1980; von Huene et al.,
1980; Moore et al., 1991; Carver et al., 2008). Although
no direct evidence has tied the KSfz and ABfz to the
megathrust, we can presume that they splay from
this boundary because of their similarity to splay
fault structures already imaged on nearby subduction zone segments (e.g., Moore et al., 1991; Liberty
et al., 2013; Haeussler et al., 2015; Bécel et al., 2017).
Carver et al. (2008) mapped the on-land portion
of the KSfz, and they named the largest fault the
Narrow Cape fault. They determined a recurrence
interval for surface displacing events on the fault
of 1–2 k.y., or more than five times longer than
the average maximum recurrence interval for M>8
earthquakes on the Kodiak segment (e.g., Shennan et al., 2018). This suggests other faults may
activate during large megathrust earthquakes. The
trenchward ABfz has been seismically imaged close
to the continental shelf break and contains forearc
basin-bounding reverse faults (Fig. 2; Fisher, 1980;
Fisher and von Huene, 1980). However, slip and
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complement these older data with newly acquired
seismic data to better constrain the tectonic history
of the Kodiak segment.

Centers for Environmental Information, 2004). The
Southern Alaska Coastal Relief model for most of
the continental shelf was compiled at a resolution
of 24 arc-seconds, or a 720 m grid interval. We
complement the regional bathymetry data set with
higher-resolution, 8-arc second bathymetry data,
and from a new compilation that covers the western
Kodiak Islands region (Zimmermann et al., 2019). We
recognize that much of the continental shelf region
has not been surveyed within the past 50 years,
thus limiting our analyses. Regardless, our compilation shows that seafloor scarps related to the KSfz
extend for at least 200 km, from offshore Sitkinak
Island northeast to at least the Chiniak trough (Fig. 3).
These scarps are upwards of 50 m tall, greatest in
height near Sitkalidak Island.
Most of Alaska’s continental shelf has water
depths of 100 m or less and has been shaped by
LGM ice loads, postglacial deposition, and Holocene tectonism. Sea levels were ~120 m below
modern levels during the LGM (e.g., Peltier and
Fairbanks, 2006), and ice covered much of the continental shelf (Kaufman and Manley, 2004; Kaufman
et al., 2011). Radiocarbon dating at Narrow Cape
indicates it was deglaciated ca. 13.5–13 ka (Fig. 2
and 3B; Carver et al., 2008), likely resetting seafloor
surface prior to that time.
The shallow shelf areas typically contain little
unconsolidated sediment that reflects modern
deposition. In contrast, cross-shelf glacial troughs
are often more than 50 m deeper than the nominal
shelf depth and are traps for modern deposition
(e.g., Carlson and Molnia, 1975; Liberty et al., 2013,
2019). These unconsolidated sediments typically lie
above a prominent shallow unconformity that likely
represents the hiatus in deposition during glaciation
(e.g., Fig. 4E). Because many seafloor lineaments
cross pre-Pleistocene depositional fabric, we
assume that these lineaments represent scarps from
Holocene fault uplift (e.g., Liberty et al., 2013, 2019).

■ KODIAK SHELF BATHYMETRY

■ FIRST-ARRIVAL 1964 TSUNAMI SOURCE

For our tsunami source and fault mapping analysis, we utilize a regional bathymetry data set to
identify Kodiak shelf seafloor scarps (NOAA National

The 1964 GAE generated tsunamis that inundated shorelines around the Pacific Ocean.
Plafker (1969) inferred a tsunami source from
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Figure 2. Results from tsunami travel-time modeling along seven run-up locations across the Kodiak Islands.
Back-propagated wave fronts are colored according to run-up location and represent the maximum tsunami
origin distance based on the first-arriving wave crest. The star represents the estimated convergence region
belonging to five tsunami wave fronts and our preferred tsunami source that is ~15 km south of Sitkalidak
Island. We term this tsunami-generating fault the Ugak fault. SI—Sitkinak Island; KSfz—Kodiak Shelf fault
zone; ABfz—Albatross Banks fault zone.

fault distributions were poorly constrained due
to a lack of modern seismic imagery; and there is
no direct evidence that this fault system is active.
In contrast, splay faults associated with the PWS
and Semidi segments have been better characterized with more modern seismic and bathymetry
surveys (e.g., Brocher et al., 1994; Liberty et al.,
2013, 2019; Finn et al., 2015; Haeussler et al., 2015;
Li et al., 2018; Shillington et al., 2015; Bécel et al.,
2017). Here, we revisit legacy seismic data sets and
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Figure 3. Kodiak Islands Shelf fault zone and related faults. (A) Twenty-four-arc second global bathymetry data with 100-m-depth bathymetric contour. The
map shows prominent NE-SW–trending lineations belonging to the Kodiak Shelf fault zone (KSfz). Arrows identify prominent KSfz seafloor scarps. Labeled
are seismic profiles (dark lines) and portions of the profiles presented in Figure 4 (white lines). The spatial location of Figure 3B is denoted by the dashed
line, whereas Figure 5 is denoted by a dotted line. (B) Eight arc-sec bathymetry data in the dashed area of (A) showing ~20-m-high Ugak and related faults
highlighted with the seismic profiles. Gray region indicates land. Star represents our preferred 1964 tsunami source location.

the continuation of the Patton Bay fault to have
caused the first waves that arrived on the Kodiak
Islands (Fig. 2 and Table 1). However, the offshore
extension of the Patton Bay fault was not mapped
at that time. Subsequently, Liberty et al. (2019)
showed that Holocene activity along the Patton
Bay fault system diminishes to the southwest of
PWS as large scarps do not extend across the Kenai
segment (Liberty, 2015; Fig. 1). Suleimani and Freymueller (2020) evaluated the role of splay faults

GEOSPHERE | Volume 18 | Number 5

and horizontal displacements from several regional
coseismic slip models from the GAE and found they
both locally had significant contributions.
To identify coseismic uplift near the Kodiak
Islands, we use modern bathymetry (Fig. 3), seismic-
reflection data (Fig. 4), and a compilation of GAE
tsunami first-arrival times (Table 1). We use tsunami first motions (estimated to the nearest minute)
observed at seven sites on the Kodiak Islands relative to the main shock origin time (Plafker, 1969).

We treat each run-up location as a wave source and
back-propagate this source using finite differences
(Fig. 2). To derive a velocity field, we grid multi-beam
and single-beam bathymetry data at one-kilometer
spacing and then convert depth to tsunami wave
speed in each cell. We use La Grange’s velocity-
depth relationship, v = gd , where d is the depth
in meters, and g is gravitational acceleration (Lamb,
1932). Each source is then back-propagated using this
velocity field according to its respective tabulated
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Figure 4. Chirp (A, B), Minerals Management Service
(MMS) (C, D, F), and sparker (E) seismic-reflection profiles that cross the Ugak fault. Locations are noted on
Figure 3. Seismic-reflection profiles show variable alongstrike changes in Ugak fault scarp height (~4–25 m), which
implies different levels of post-Last Glacial Maximum
(LGM) fault activity. Clear seafloor offset disappears by
MMS 490 (F), which is 25 km SW of sparker profile 242 (E).
Profiles are oriented from northwest to southeast (left to
right) and shown from northeast to southwest. Note that
the vertical and horizontal spatial scales in (A), (B), and (E)
(Chirp and sparker reflection lines) differ from (C), (D), and
(F) (MMS reflection lines).

travel time. We then compile individual wave fronts
from the final model to identify which sources could
have shared the same tsunamigenic source location.
Note that our approach cannot constrain tsunami
wave amplitude and does not consider later arrivals; thus, we do not model near-shore, nonlinear
effects on tsunami wave propagation or identify
additional tsunamigenic sources associated with
later tsunami arrivals. Finally, we compare convergent source locations to identified trench-parallel
scarps observed with seafloor topographic data and
faults identified with seismic profiling.
The reported first sense of motion for some
run-up locations was up, consistent with the Kodiak
Islands being located landward of the hanging wall
of the Alaska-Aleutian megathrust (Plafker, 1969;
Table 1). The one exception was at the northernmost
Kodiak City measurement site. Of the seven tsunami sites, five back-projected wave-fields (Kaguyak,
Saltery Cove, Cape Chiniak, Kalsin Bay, and Kodiak
City) converge ~15 km south of Sitkalidak Island
(Fig. 2). Here, we find a conspicuous 50-m-high
trench-parallel seafloor scarp that we associate with
the KSfz (Fig. 3). Two observations, Kalsin Bay and
Old Harbor sites, do not share overlapping wave
fronts and arrive too late to be sourced from this
region. We note the reported first-arrival time for
Old Harbor is inconsistent with this interpretation;
it is situated in a sheltered bay (Fig. 2), and a direct
tsunami wave from a fault located south of Sitkalidak Island may have experienced a more complex
travel path. Thus, all but the measurement from
Kalsin Bay is consistent with motion along the fault
scarp near Sitkalidak Island (Figs. 2 and 3).
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TABLE 1. TSUNAMI TRAVEL TIMES
Inundation site Travel time
(minutes)
Kaguyak
Old Harbor
Cape Chiniak
Kalsin Bay
Naval Station
Kodiak City
Saltery Cove

38
48
38
70
63
45
30

Travel-time First motion
difference
(reported)
(minutes)
6
24
0
13
5
5
0

NA
Up
Up
NA
Up
Down
NA

Note: Travel-time difference in the third column is
taken to be the relative difference in time between
the source convergence point (152.715 W, 57.061 N)
and the closest distance to each modeled wave front.
Modified from Plafker (1969). NA—not applicable.

We infer only part of the KSFz moved in the 1964
earthquake. Had the faults near Kodiak City experienced significant uplift, tsunami wave crests would
have arrived sooner to the north (Fig. 2). Similarly,
onshore KSfz fault segments did not show evidence
for uplift in 1964 (Plafker, 1969; Carver et al., 2008).
Thus, measurable uplift related to the GAE was
likely limited to a narrow portion of the KSfz near
the center of the Kodiak subduction zone segment.
We infer uplift along a short segment of the KSfz
during the GAE, where KSfz seafloor lineaments
have similar scarp heights along strike (Fig. 3).
With scarp heights upwards of 50 m, and an estimated maximum coseismic uplift per event of ~8 m
(Plafker, 1969), we conclude that (1) the region surrounding GAE uplift has repeatedly ruptured during
Holocene megathrust earthquakes; (2) additional
along-strike faults associated with the KSfz have
ruptured in a similar fashion during past megathrust
earthquakes; and (3) the entire length of this fault
should be considered active and tsunamigenic.
Although we show no direct evidence that the
ABfz uplifted during the GAE, the convergence of
three back-projected travel-time contours from
our tsunami analysis lies just beyond the edge of
the continental shelf (Fig. 2). Another notable convergence lies at an identified scarp along the ABfz
(Fig. 2). Although we favor the KSfz tsunami source,
our analysis does not preclude co-rupture or later
travel times from other sources. Indeed, assuming
horizontal motion from the wedge slope, Suleimani
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and Freymueller (2020) identified the region near the
continental shelf break as a likely tsunami source in
1964. Potential errors in the tabulated travel times
(e.g., personal eyewitness accounts and timing) may
point to inaccurate back-propagated locations for
some of the observations. That being said, we do
not see compelling evidence for the GAE first-arrival
tsunami source along the ABfz, but we will discuss
a scarp and fault that are consistent with postglacial
Holocene uplift along the ABfz, closer to the Suleimani and Freymueller (2020) tsunami source region.

■ KODIAK SHELF FAULTS
To characterize Neogene and younger slip on
the KSfz, we present a compilation of vintage and
modern active-source seismic profiles that cross
seafloor scarps (Fig. 4). Given a 30–50 m up-to-thenorth seafloor scarp near our tsunami travel-time
convergence region (Fig. 3), and that these KSfz-
related scarps presumably developed over the past
~13.5 k.y. (Carver et al., 2008), we infer a long-term
uplift rate of 2.2–3.7 mm/yr. If we assume (1) that
the faults coseismically slip only during M>8 ruptures, and (2) that they have a recurrence interval
of 400 years (i.e., 34 post–Last Glacial Maximum
(LGM) earthquakes; Shennan et al., 2018), we would
expect 1.4–2.3 m of uplift per M8+ earthquake along
this fault. Because our tsunami analysis suggests
focused uplift in 1964, the slip-per-earthquake and
per-fault must be greater than the long-term average slip to produce multiple pronounced scarps
related to the KSfz. Furthermore, the 8 m uplift
observed along the Patton Bay fault during the
GAE (Plafker, 1969) suggests higher focused uplift
is possible, and likely, to produce such fault scarps.

Seismic-Reflection Profiling
Our seismic-reflection data set to characterize the KSfz consists of legacy 24-channel airgun
seismic-reflection profiles acquired in 1975 from
the former Minerals Management Services (MMS)
of Alaska, a sparker seismic profile collected by the
MMS in 1976, a Chirp seismic profile acquired in

2018, and a sparker profile acquired in 2015 (Fig. 4).
The legacy seismic profiles were obtained as digital
scans of stacked travel-time images from MMS permit 75-02 (Liberty, 2013). The 2018 sub-bottom Chirp
data were provided to us from the Alaska Amphibious Community Seismic Experiment (Barcheck et
al., 2020), and the 2015 sparker data were acquired
using a 12-channel, 500-Joule sparker on the U.S.
Geological Survey RV Alaskan Gyre (Liberty and
Ramos, 2016). We migrate and depth-convert the airgun images using stacking velocity values provided
with the MMS image scans. We depth-convert the
Chirp and sparker data using a velocity of 1500 m/s.
We interpret the seismic-reflection data and show
faults that offset the seafloor. We begin our analysis
with seismic profiles that cross our inferred 1964
tsunami source and then explore profiles northeast
and southwest of the tsunami source region.

MMS Line 484
Our back-projection model places the GAE tsunami source location along a northeast-trending
scarp close to MMS line 484 within the Kiliuda trough
(Fig. 3). Although this seismic profile is low resolution (~35 Hz center frequency or a 40 m predominant
wavelength), we note a 3.5-km-wide zone (common
depth point [CDP] 145–180) where the seafloor is elevated ~50 m compared to the surrounding regions
(Fig. 4). At CDP 140 and CDP 180, we note both truncated and offset reflectors that increase in offset with
depth, consistent with fault growth (Fig. 4D). We term
the fault at CDP 180 the Ugak fault, because this feature is located offshore of Ugak Island. Based on the
proximity to the convergence of tsunami travel-time
contours, we interpret coseismic uplift on this fault
as the first-arrival source for the 1964 tsunami that
inundated several locations on the Kodiak Islands.
The seafloor lineation associated with this fault
extends at least 80 km (Fig. 3), suggesting that an
independent rupture would be capable of generating a M7 earthquake (e.g., Wells and Coppersmith,
1994). We interpret the fault that surfaces near CDP
140 (fault A, Fig. 4D) as a south-dipping back thrust
of the Ugak fault that controls the northern margin
of the upthrown block. It is also possible that fault A
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moved in 1964. The mottled seismic character and
rugged seafloor topography within the uplifted seafloor region (CDP 140 to CDP 180) is consistent with
deformed Cenozoic strata below the seafloor, similar
to that mapped on the Kodiak Islands (Fig. 4D; Moore
et al., 1983). The parallel reflectors and smooth seafloor topography to the south of the Ugak fault
are consistent with late Quaternary to Holocene
marine strata. Here, we interpret a strong-amplitude,
seafloor-parallel reflector as the base of modern
deposition. Our interpretation is consistent with a
regional unconformity that was seismically mapped
beneath PWS and the Gulf of Alaska, which likely
defines the onset of postglacial sedimentation (i.e.,
Carlson and Molnia, 1975; Liberty et al., 2013; Finn
et al., 2015; Haeussler et al., 2015; Liberty et al., 2019).
We observe differentially offset reflectors across the
Ugak fault and farther south, suggesting that additional faults near CDP 200 (fault B) and CDP 235 (fault
C) have been Neogene-active (Fig. 4D). Although
poorly constrained, we estimate a fault dip of 70°–
80° for the north-dipping faults. This dip is similar
to the near-surface expression of megathrust splay
faults mapped near Montague Island (e.g., Plafker,
1969; Liberty et al., 2013, 2019). Using Hayes et al.
(2018) Slab2 geometry and assuming simple planar
or listric fault geometry, we project the Ugak fault to
splay from the megathrust at ~30 km depth beneath
the Kodiak Islands.
Faults B and C bound a 2-km-wide anticline and
likely converge at about 2–3 km depth (Fig. 4D). The
shallowest reflectors do not show measurable offset (upper 100 m below seafloor), suggesting that
these faults may no longer be active or measure
low slip relative to sediment deposition rates. If
the pattern of faulting observed on MMS 484 is
characteristic of these fault zones, it may suggest
that the majority of Holocene slip is focused on the
more landward faults.

Sparker Profile 242
About 5 km to the southwest of MMS 484 and
still within the Kiliuda trough (Fig. 3), sparker profile 242 shows the shallow character of the Ugak
fault (Fig. 4E). In particular, this higher-resolution
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view (~1 m dominant wavelength) of the Ugak fault
shows a 25 m seafloor scarp toward the northwest
(Fig. 4E). Here, we observe no modern deposition
in the fault’s hanging wall to the northwest (hard
water bottom and no sub-bottom reflectivity), an
erosion channel directly above the fault, and subparallel reflectors to the southeast of the fault that
are consistent with Holocene strata. We observe
a second, more moderate seafloor high that we
interpret as the hanging wall of fault B (Fig. 4E).
While we observe no measurable seafloor offset on
MMS 484 across fault B, here we measure a seafloor offset of ~5 m. Assuming these two features
both represent fault B, we conclude that either this
fault is still active and the legacy airgun profiles do
not provide adequate resolution to image Holocene
displacements, or the fault slip varies along strike.
Although fault C controls the south limb of an anticline on MMS 484, this fault on sparker profile 242
shows little evidence for Holocene motion.
Assuming that the three identified faults along
sparker profile 242 represent north-dipping thrust
faults, sub-bottom reflectivity suggests sediment
deposition is focused on the seaward or footwall
side of each fault. At a deposition rate of 1 mm/yr
(Carlson and Molnia, 1975), two notable sub-bottom
reflectors at ~5 and 10 m below the seafloor are consistent with early and mid-Holocene unconformities;
the 10 m reflector represents the Pleistocene–
Holocene boundary. Similar age unconformities
were inferred from seismic profiles near the PWS
region within the Gulf of Alaska (i.e., Liberty et al.,
2013; Finn et al., 2015), thus we suggest that these
unconformities are pervasive, regionally significant,
and with detailed age controls, may be used to compare slip rates across subduction zone segments.

MMS Line 490
The northwest-southeast–oriented MMS 490 is
located 60 km to the southwest of MMS 484, outside
of the Kiliuda depositional trough (Fig. 3). To explore
the southwest extension of active faulting, we trace
seafloor scarps and examine the seismic character to
identify the Ugak fault at CDP 270, fault B near CDP
345, and fault C near CDP 370 (Fig. 4F). Here, based

on reflector offsets, we measure a fault dip of ~65° to
the north for the Ugak fault and fault C and ~70° to the
north for fault B. We observe that these faults show
no measurable offset of reflectors above ~100 m
depth, suggesting little Holocene fault motion. Faults
B and C define the limbs of a 4-km-wide fold with
reflector offsets increasing with depth (Fig. 4F). Small
reflector offsets may indicate a back thrust near CDP
200, but the convoluted reflection polarities preclude
rigorous interpretation of this portion of the profile.
The change in dip angle and reflector character on
MMS 490 suggest reduced slip for this portion of the
Ugak fault when compared to MMS 484.

MMS Line 480
Along MMS 480, located 20 km northeast of
MMS 484, we identify the northeast extension of
the Ugak fault as a 30-m-high seafloor scarp with
the bathymetry data (Fig. 3). Near CDP 170, we identify the Ugak fault from offset reflectors across a
near-vertical fault (Fig. 4B). As with MMS 484 and
MMS 490, we identify additional reflector offsets
that we relate to faults A, B, and C. MMS 480 lies
within the Kiliuda trough, suggesting comparable
deposition and/or erosion rates for MMS 484 and
480. We identify the greatest uplift of the Ugak fault
closer to MMS 484. As with MMS 484 and MMS 490,
MMS 480 shows a 4-km-wide anticline with no measurable seafloor offset (Fig. 4B). Here, this anticline
is approximately twice the width when compared
to MMS 484, consistent with oblique shortening
away from the presumed tsunami source. This
fault divergence was also observed near the focus
of GAE uplift along the Patton Bay fault system
(Liberty et al., 2019), suggesting that more detailed
fault mapping is needed to improve our understanding of fault kinematics within the KSfz.

AACSE (Alaska Amphibious Community Seismic
Experiment) Chiniak Trough Chirp Profile
Approximately 80 km to the northeast of the
Kiliuda trough, we identify another cross-glacial
sediment trap termed the Chiniak trough (Fig. 3).
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Here, a 3.5 kHz Chirp reflection profile acquired on
the RV Sikuliaq in 2018 captures a robust postglacial
sediment record (Fig. 4A). Along strike of the Ugak
fault, we identify a 7.7 m seafloor scarp. Here, we
measure a vertical offset of 18 m across a strong
amplitude reflector that lies at the base of a package
of subparallel reflectors that we presume are related
to Holocene deposition (Fig. 4A). From the assumption of a 13.5 ka age basal marker, we estimate an
average Holocene deposition rate of ~1.5 mm/yr to
the south of the Ugak fault, with a decrease in deposition rate to the north and south away from the
fault. Assuming the offset on the interpreted postLGM surface represents the Holocene slip rate, we
estimate an uplift rate of ~1.3 mm/yr. This represents
an uplift rate of ~25% of that observed along sparker
profile 242 and MMS 484.

BSU Sparker Profile
During 2015, we acquired a 500 J sparker seismic profile with a 12-channel hydrophone array
across the northeast extension of the Ugak fault
(Fig. 3) (Liberty and Ramos, 2016). This profile,
which we term BSU (Boise State University) sparker
profile, lies ~20 km to the north of the Chiniak trough
sediment trap. Here, the latest bathymetric survey
dates back to 1933; therefore, it is unclear from
seafloor data alone as to whether tectonic scarps
are present. On the BSU sparker profile, our largest seafloor displacement that lies along strike of
the KSfz measures 4 m (Fig. 4B). Across this scarp,
we measure dipping reflectors in the upper tens of
meters that are consistent with Quaternary fault
motion. Although we identify no parallel reflectors
that would point to Holocene deposition, we identify a reflection pattern that is consistent with some
motion on the Ugak fault. With a diminished offset
of the seafloor scarp compared to our seismic profiles to the southwest, we suggest that this profile
shows where the KSfz becomes less active. We
note that trench-perpendicular structures have been
mapped to the northeast of this profile location,
coincident with the presumed boundary between
the Kodiak and Kenai segments (Fig. 1; Fisher, 1980;
Fisher and von Huene, 1980).
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Summary of Kodiak Shelf Fault Zone (KSfz)
From seismic and bathymetric data, we underscore two points. First, we note a divergence in
distance between the Ugak fault and faults mapped
to the south, consistent with oblique tectonic shortening along the KSfz. Second, the Ugak fault shows
a maximum seafloor displacement along MMS 484
with diminished offset to the northeast and southwest. This may suggest a repeated tsunami source
near the Kiliuda trough. Regardless if the Kiliuda
trough may be a focus of exhumation, along-strike
seafloor scarps point to other tsunami sources that
have likely inundated the Kodiak Islands during
past earthquakes.
Scarp heights measure higher on the seismic
profiles when subparallel faults have separation
distances of 5 km or less (Fig. 4). This might suggest that over a 20–30 km along-strike distance,
there are changes along the décollement that favor
closer splay fault separation and higher uplift rates.
MMS 484 shows minor folding northwest of the
Ugak fault, whereas reflectors on MMS 490 are
relatively undeformed and continuous. Between
faults B and C, however, reflectors suggest local
shortening and growth faulting. These two faults
merge at depth, consistent with a more complex
upper-plate structure when compared to a model
where faults simply splay from the megathrust
Near Sitkinak Island (Fig. 3), Zimmermann et al.
(2019) mapped two linear northwest-side-up scarps
that they relate to the KSfz. The northwestern of
the two scarps is 20–25 m tall and 29 km long. The
southeastern fault scarp, mapped only with single-
beam bathymetry, may be upwards of 45 m tall
and 80 km long. These observations imply that
although the Ugak fault diminishes to the southwest, as mapped by MMS 490, the KSfz consists
of many tsunamigenic faults whose interactions
are poorly understood or constrained. This pattern
differs from that observed along the offshore PWS
faults, where a more focused exhumation region is
observed (Haeussler et al., 2015; Liberty et al., 2019).
In summary, we find the ~200-km-long KSfz
contains variable scarp heights and along-strike
variation in faulting style, although it is a long and
laterally continuous structure. Large changes in

seafloor scarp height and evidence for tsunami
generation along the fault zone in 1964 argue for
repeated, discrete KSfz uplift during megathrust
slip, which translates to a high tsunamigenic fault
hazard at distances close to populated areas. We
presume that the KSfz splays from the megathrust
near the southeastern limits of the Kodiak Islands.
Coupled with onshore faults that indicate sinistral
slip (e.g., Carver et al., 2008), the KSfz is a complex contractional fault system, which is possibly
transpressional. Our observations warrant additional paleoseismic investigations. More detailed
bathymetric and seismic mapping is needed to
fully characterize the fault slip, interaction with the
megathrust, and seismic hazard for this fault system.

■ ALBATROSS BANKS FAULT ZONE
From the low-resolution, 24 arc-second bathymetry data set, we do not identify seafloor scarps
near the shelf break that are similar in magnitude
and length to the KSfz (Fig. 5). The few multi-beam
tracks that pass through this area point to a single seafloor uplift that we explore here. Our initial
bathymetric assessment, coupled with seismic
results of Fisher (1980) and Fisher and von Huene
(1980) is consistent with (1) a majority of Holocene
fault motion, as observed on the seafloor, being
accommodated around the KSfz and (2) that the
currently available low-resolution bathymetry
cannot capture the full seafloor expression of the
ABfz. In other words, there are likely other seafloor
scarps along the ABfz that we have yet to identify.
These possibilities are examined in greater detail
with seismic profiles.

Great Alaska Earthquake (GAE) Tsunami Source
We begin our discussion of the ABfz in the vicinity
of a prominent fault scarp that we identify on MMS
464 and the coincident BSU sparker seismic profile
(Figs. 5 and 6). This location is consistent with tsunami travel times from Kodiak City and Cape Chiniak
(Fig. 2). Had this location solely sourced a tsunami,
Plafker (1969) would have measured an earlier arrival
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MMS Line 460
N

MMS 460 is located near the transition from the
Kenai to Kodiak segment, 20 km to the northeast of
MMS 464 (Figs. 1 and 5). The seismic profile shows
asymmetric, km-scale folding bound by three faults
between CDP 640 and 725 (Fig. 6A). The distance
between each ~70° SE dipping fault is less than 5 km,
and offset reflectors cannot be traced to the seafloor, implying relatively low Holocene slip rates. It
is unclear how each of these faults relates to the presumed tsunamigenic fault highlighted on MMS 464,
but the changing seismic character over a length
scale of 20 km suggests that the ABfz is complex.
The lack of a seafloor scarp suggests limited Holocene motion near the Kenai segment boundary.

MMS Line 468
W
Figure 5. 24-arc second bathymetry across the Kodiak shelf detailing the Albatross Banks region and select Minerals Management Service (MMS) seismic profiles. Portions of the seismic profiles highlighted on
Figure 6 are shown in white. The star represents a 16-m-tall scarp identified with MMS line 464 airgun
and BSU sparker profiles. This is a possible tsunami source, consistent with Kodiak City and Cape Chiniak
tsunami travel times.

time from the Kalsin Bay station and later arrival
times from the other stations farther to the southwest
(Table 1). Given two tsunami sources, one from the
Ugak fault and one from this scarp, Plafker (1969)
would have still observed an earlier travel time
from the Kalsin Bay station (Fig. 2). Thus, assuming
accurate tsunami arrival times, we conclude that the
fault that lies beneath this scarp did not produce tsunamigenic uplift during the GAE. It is possible that
the shelf slope region identified by Suleimani and
Freymueller (2020) did produce a tsunami, but travel
times from this location would have arrived later on
all stations than what Plafker (1969) documented.

MMS Line 464 and BSU Sparker Profile
MMS 464 and the BSU sparker profile are coincident, lie immediately east of the Chiniak trough, and
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both cross the KSfz and ABfz (Fig. 5). Where these
profiles cross the ABfz, we measure about a 16 m
seafloor scarp (Figs. 6B and 6C). This scarp lies above
a monocline that is consistent with the upper-plate
expression of a megathrust splay fault (e.g., Liberty
et al., 2013; Fig. 6C). We estimate a fault dip of ~80°
on the shallow portion of this fault. The BSU sparker
seismic profile shows south-dipping strata and reflector truncations beneath the scarp (Fig. 6B). Given the
seismic character and location on the shallow shelf,
we interpret the shallow stratigraphy as representing pre-Holocene strata. Thus, a robust Holocene
slip-rate estimate was not possible for this fault at
this location. However, with the assumption that
seafloor topography was reset during the LGM, this
fault has likely been active during many Holocene
earthquakes. Thus, we interpret this scarp as tsunamigenic. If the 16 m scarp developed only over the
past 13.5 k.y., we estimate a slip rate of 1.2 mm/year.

MMS profile 468, located 20 km to the southwest of MMS 464, crosses the Albatross Banks near
the Chiniak trough (Fig. 5). On this profile, we identify a single high-angle splay fault near CDP 685,
which lies along strike of the tsunamigenic fault
identified on MMS 464 (Fig. 6D). There is noticeable
folding on the hanging-wall side of this presumed
splay fault to less than 300 m below the seafloor.
The fault does not appear to offset the seafloor. This
suggests that the tsunamigenic seafloor scarp is
not regionally extensive and that focused uplift is
restricted to a narrow region surrounding MMS 464.

MMS Line 478
MMS 478 lies between the Chiniak and Kiliuda
troughs (Fig. 5). We note a prominent anticline
centered near CDP 440, the axis of which trends
northwest-southeast (Fisher and von Huene, 1980;
Fig. 6E). On this profile, we identify two high-angle
splay faults that are separated by ~7 km. Folding
is tighter across the northwest fault’s hanging wall
(CDP 400) compared to the hanging wall of the fault
at CDP 460 (Fig. 6E). We observe no shallow offset
stratigraphy across either fault, suggesting little to
no Holocene motion.
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Figure 6. Minerals Management Service
(MMS) airgun and sparker seismic-reflection
profiles of the Albatross Banks fault zone
(ABfz). (A), (B), (D), and (E) show prominent
splay faults that bound forearc basin structures but do not appear to offset the seafloor.
(B) In contrast, shows an ~16-m-high fault
scarp that we imaged in 2015 with a sparker
seismic source. We infer a Holocene slip rate
of 1.2 mm/yr for this particular fault.
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Summary of Albatross Banks Fault Zone (ABfz)
Faults belonging to the ABfz are largely reverse
faults originally mapped offshore Kodiak between
Sitkinak Island to the southwest and the Kenai
segment boundary to the northeast (von Huene et
al., 1980; Figs. 1 and 3). However, its near-surface
architecture, Holocene activity, and along-strike
extent are largely unknown. Limited and generally
low-resolution bathymetry data for this region do
not show conspicuous seafloor lineaments that we
could interpret as Holocene fault scarps (Figs. 2
and 3). But the seismic data allowed us to identify
a 16 m scarp that suggests recent tectonic activity.
The MMS airgun seismic data do not have the resolution to image seafloor offsets less than ~10 m,
and this underscores the need to use both high-
resolution bathymetry and sparker seismic data
together to interpret fault activity.

A Comparison of Kodiak Shelf Fault Zone
(KSfz) and Albatross Banks Fault Zone (ABfz)
Although our data sets are limited, we find that
both the scarp height and morphology associated
with the KSfz are much more prominent than those
associated with the ABfz. Such an observation
implies a majority of Holocene faulting has been
accommodated closer to the Kodiak Islands shoreline (i.e., KSfz) rather than along faults nearer to the
edge of the shelf (i.e., ABfz). An increase in fault
scarp height may indicate that through time, the
location of focused deformation transitioned from
the outer to inner wedge regions of the forearc,
which is expressed in the higher uplift rates of
the KSfz compared to the rates for the ABfz that
we infer. One plausible hypothesis is that higher
splay fault activity (exhumation) is a function of
where the wedge changes from mechanically
weak (outer wedge) to strong (inner wedge backstop). In the PWS region, thermochronology and
seismic-reflection data show that a major splay
fault separates these regions (Liberty et al., 2013;
Haeussler et al., 2015). Rocks accreted before and
after the subduction of a spreading center in the
Gulf of Alaska are similar in age between PWS and
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those onshore of the Kodiak Islands (Bradley et
al., 2003). Different accretionary episodes form the
strong-to-weak wedge transition, and the location
of the KSfz roughly coincides with this structural
boundary. Alternatively, the deformation rates
have always been higher within the KSfz than the
ABfz, which is still consistent with differences in
wedge mechanical strength. We conclude that the
tsunamigenic fault hazard is concentrated in the
near-shore region of the Kodiak Island, although
the ABfz and slope regions are still capable of producing tsunamis.

■ UPPER-PLATE AND PLATE BOUNDARY
STRUCTURE
Gravity and magnetic data can reveal unique
signals of subducting and upper-plate structure.
Despite the numerous studies that have uncovered
correlations between moment release, subducting
structure, and down-dip rupture limits (e.g., Song
and Simons, 2003; Wells et al., 2003; Bassett and
Watts, 2015), the Alaska subduction zone in particular seems to be more complex for understanding
seismogenic behavior. A positive gravity anomaly
dominates the Alaska forearc (Fig. 7A), and this
anomaly was interpreted by Wells et al. (2003)
as resulting from a highly dense inner-wedge or
duplexed structure near the plate interface. Seamounts and fracture zones on the Pacific plate
offshore Kodiak are observed on gravity and magnetic data, but subducted expressions of these
structures below the forearc are lacking (Saltus et
al., 2007; von Huene et al., 1999; Mankhemthong
et al., 2013; Figs. 7A and 7B). Thus, the relationship
between coseismic rupture, subducted topography, and upper-plate splay faulting deserves further
scrutiny for the Kodiak Islands region.

Gravity Data
Free-air gravity anomalies over subduction
zones map density differences related to either
plate interface or upper-plate structures (Smith
and Sandwell, 1997). The spatial distribution of the

free-air gravity field over the North American and
Pacific plates near the Kodiak Islands shows several regional tectonic features that may influence
seismogenesis (Wells et al., 2003; Bassett and Watts,
2015). We apply upward-continuation and bandpass
filtering to the free-air gravity field to constrain the
extent and geometry of the accretionary prism and
upper-crustal faulting (Figs. 7 and 8).
The free-air gravity map of the Kodiak-Kenai Peninsula region helps to clarify relationships between rock
units in the accretionary prism. The Border Ranges
fault zone marks the contact between the Mesozoic
and Cenozoic accretionary prism and its backstop
(Fisher, 1980; Plafker and Berg, 1994; Pavlis and Roeske,
2007; Mankhemthong et al., 2013). This fault coincides
with a conspicuous gravity lineament that bounds the
northwest extent of the Kodiak Islands (Fig. 7A). To
the southeast of the Kodiak Islands, a northwest to
southeast transition from low to high gravity signals
forms a lineation that defines the boundary between
the older “Chugach terrane” part of the accretionary
prism and the younger Paleocene–Eocene “Prince
William terrane” (Burns et al., 1991; Plafker et al., 1994;
Wells et al., 2003). These two terranes are considered to divide the accretionary complex (Plafker et al.,
1994), but the upper plate across this boundary consists of no discernable density contrast. Instead, this
anomaly has been interpreted to stem from duplexing or other crustal densification processes near the
plate boundary (Wells et al., 2003; Mankhemthong
et al., 2013). In addition, significant rock uplift of the
accretionary complex has brought higher velocity and
presumably denser rocks closer to the surface. This
regional exhumation process might also explain the
source of the positive gravity anomaly (Ye et al., 1997)
that may structurally link the KSfz and Patton Bay fault
systems (Figs. 7 and 8). Of note is that the related
gravity lineation extends across segment boundaries where seafloor scarps and active faults have not
been mapped.
We observe two circular gravity lows that bound
the Kodiak Islands to the northeast and southwest,
which were first noted by Wells et al. (2003) (Fig. 7).
These ~120-km-wide low-gravity regions lie between
the Border Ranges fault zone to the north and the
Prince William terrane boundary to the south. The
limits of these gravity lows also coincide with our
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Figure 7. Geophysical expressions of crustal
structure and segmentation across the western Gulf of Alaska. (A) Free-air gravity anomaly
map (Sandwell et al., 2014). Dotted black lines
signify segment boundaries discussed in the
text. Dashed black lines denote Border Ranges
fault. Box denotes location of (C) and (D). (B) Total magnetic field from the EMAG2 database
(Meyer et al., 2017). Gray regions represent data
gaps. Solid white lines signify terrane boundaries. Major fracture zones (dashed white
lines) from Naugler and Wageman (1973) are
revealed as offset magnetic lineations. Note
that several fracture zones (e.g., 58 °fracture
zone, Aja fracture zone) appear landward of the
trench. (C) Upward-continued free-air gravity
anomaly to a height of 10 km. Superposed are
coseismic 1964 slip contours (2 m) of Ichinose
et al. (2007). We observe that slip was confined
mostly to the positive gravity anomaly regions.
(D) Seafloor bathymetry map with post-1964
earthquakes (M>5) colored by hypocenter depth
and plate-locking model from Zweck et al. (2002).
The 400 m bathymetry contour (yellow) delimits
the continental shelf break. The bold orange line
signifies a major change in the slip-rate deficit as derived from geodetic inversion analysis
(Li et al., 2016). Focal mechanisms from the CMT
catalog (1976–2016) show the along-strike contrast in interseismic stress release following the
Great Alaska Earthquake (GAE) for the Kodiak
region. Off-white dashed lines show the depth
to the plate interface in 20 km intervals from the
Slab2 model (Hayes et al., 2018).
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Figure 8. Low-pass filtered free-air gravity map for the Gulf of Alaska region. This map is filtered to remove
signals with wavelengths greater than 100 km and illuminated from the southeast to highlight gravity
lineaments related to forearc splay faults and terrane boundaries. Note the continuity of the Kodiak
Shelf fault zone (KSfz) and its gravity expression diminishes seaward of the Alaska forearc. Splay faults
belonging to the Patton Bay fault system are also highlighted farther to the north on the Prince William
Sound (PWS) segment. The gravity signature of the subducted 58°N fracture zone within the wedge and
its upper-plate structural expression (Portlock Anticline) share the same N85W oblique trend. Two prominent low-gravity anomalies south and north of the Kodiak Islands are interpreted as possible sites of
underplating. Note these two gravity lows bound both the mapped KSfz and the projection of subducted
58°N and Aja fracture zones (white dashed lines).

mapped extent of the KSfz (von Huene et al., 1980).
The observed correlation between positive gravity anomalies and active splay faults suggests that
offshore faults within the Prince William terrane
(i.e., KSfz and ABfz) may have higher slip rates compared to faults closer to mainland Alaska.
Ye et al. (1997) identified a low seismic velocity
mid-crustal body that spatially matches the large
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northern gravity low between the Kodiak Islands
and Kenai Peninsula. This gravity and/or seismic
velocity low could be evidence for large-scale underplating of subducted sediment or a seamount as
proposed by Ye et al. (1997) and Mankhemthong et
al. (2013). The oblate negative gravity anomaly to the
southwest of the Kodiak Islands does not correlate
with any previously suggested upper-plate (mid- to

lower-crustal) source (Figs. 7 and 8). The upper Miocene to Quaternary Tugidak basin has been mapped
on Chirikof and part of the Trinity Islands, but this
shallow basin may not account for the observed
gravity low. Similar to the gravity anomaly that
bounds the northeast side of the Kodiak Islands,
we hypothesize that lower crustal underplating may
be the source of this anomaly, because this feature
persists even on the filtered long-wavelength component of the free-air gravity field (Fig. 8).
Our examination of the gravity data does not
further constrain this interpretation; however, the
spatial relationship between these two gravity lows
that sandwich the high elevation Kodiak Islands may
link underplated regions to lower exhumation rates.
Moreover, the northeastern gravity low appears to
correlate with our current understanding of subduction zone segmentation, and it correlates with
a region of high slip-rate deficit outlined by Li et al.
(2016) (Figs. 7 and 8).
Farther southwest along the Semidi segment,
the negative gravity anomaly becomes positive
(Wells et al., 2003). This observation indicates a different crustal character between subduction zone
segments. Few crustal seismic-reflection data exist
across this region (e.g., Bécel et al., 2017). Robust
forward potential field modeling of additional
crustal-scale seismic-reflection data may be needed
to assess underplating as a possible tectonic mechanism. If underplating is occurring both northeast
and southwest of the Kodiak Islands, this stresses
the importance of interface processes controlling
splay fault activation and megathrust segmentation.

Magnetic Data
The total-magnetic field around the Kodiak
Islands highlights several distinct tectonic structures
on the upper plate and topography on the incoming
Pacific plate (Fig. 7B). Some of these continuous or
offset magnetic lineations correspond to inferred
earthquake segment boundaries (von Huene et al.,
1999; von Huene et al., 2012). In particular, the total
magnetic field shows offsets of the oceanic-plate
magnetic stripes that are most likely sourced by
fracture zones (Naugler and Wageman, 1973). The
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pattern of magnetic stripes is continuous across the
trench, showing that incoming plate structures are
imaged below the accretionary wedge and outer
forearc (Fig. 7B). Offset magnetic lineations on the
incoming Pacific plate reveal at least four main
fracture zones that are presently subducting near,
and beneath, the Kodiak Islands. The Aja and two
unnamed fracture zones are observed south of 57°N
latitude. A magnetic lineation related to the 58°N
fracture zone persists almost to 200 km northwestward of the trench, down to a plate interface depth
of ~20 km (Hayes et al, 2018). This lineation lies at
the inferred northeast boundary of the Kodiak subduction zone segment (von Huene et al., 1999; von
Huene et al., 2012; Shennan et al., 2014). We note
that although the KSfz lies between the landward
extension of the 58°N and Aja fracture zones, these
features have presumably migrated northwest with
plate motions, and there may be no relationship
with the lateral extent of the KSFz (Fig. 7).
Both the Chugach and Prince William terrane boundary (seaward of the Kodiak Islands)
are revealed by magnetic field gradients, where
the total-field switches from positive to negative
(Fig. 7B). We consider magnetic anomalies to be
features in the total magnetic field data that disrupt
the otherwise contiguous nature of upper-plate magnetic signatures. A majority of both the Chugach and
Prince William terranes are characterized by negative total-field magnetic anomalies, as expected of
accreted sediments that contain little to no magnetically susceptible minerals (Blakely, 1996; Saltus et al.,
2007). Furthermore, this negative magnetic anomaly
is clearly bound by the Border Ranges fault system
to the northwest; the northern region of the magnetic domain of the Border Ranges fault has been
referred to as the “Knik Arm” anomaly (Grantz et al.,
1963). In the northern Gulf of Alaska, the southern
limit of the Yakutat terrane is highlighted by a linear
magnetic high anomaly that also coincides with the
presumed southwestern PWS segment boundary
asperity (Bruns, 1983; Brocher et al., 1994). The major
magnetic domains evident on the upper plate are
the southern Alaska magnetic high and the Chugach
magnetic low, which are sourced from dense lower-
crustal mafic and upper-crustal sedimentary rocks,
respectively (Saltus et al., 2007).
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■ RELATIONSHIPS BETWEEN FAULTING,
SUBDUCTING STRUCTURE, AND
LOWER-CRUSTAL DEFORMATION
In order to relate structural controls of segmentation and subducting plate influences to upper-plate
deformation across the Kodiak region, we compare
1964 earthquake slip models to potential field and
post-1964 seismicity and geodesy data (Fig. 7C).
Coseismic models from the 1964 earthquake reveal
three main slip patches, or asperities, from joint
inversions of geodetic, seismic, and tsunami data
(Johnson et al., 1996; Ichinose et al., 2007). The
southwestern, or Kodiak asperity, with 10–12 m
slip, was focused below the shallow forearc with
down-dip rupture generally not extending across
the Prince William terrane boundary (Ichinose et al.,
2007). The second asperity lies offshore the Kenai
Peninsula and northeast of the Kodiak Islands (von
Huene et al., 1980; Ichinose et al., 2007). We refer to
this ~100-km-wide slip concentration as the Kenai
asperity (Cohen and Freymueller, 2004; Kelsey et al.,
2015). When we upward continue the free-air gravity field to a height of 10 km, the resultant low-pass
gravity field shows that the high-slip regions of
both the Kodiak and Kenai asperities are within the
positive gravity region (Fig. 7C). We note that this
particular slip inversion had limited azimuthal seismic station coverage, and inversion resolution is
dependent upon three different data sets (Ichinose
et al., 2007). In general, forearc basin depocenters
(negative gravity anomalies) correlate with asperity location (e.g., Song and Simons, 2003; Wells et
al., 2003); however, here it does not, as previously
noted for the Alaska-Aleutian subduction zone by
Wells et al. (2003) and Ichinose et al. (2007).
The 58°N fracture zone divides the 1964 GAE slip
maxima of the Kodiak and Kenai asperity boundaries (Figs. 7B and 7C). If this fracture zone is indeed a
persistent segment boundary, the 1964 earthquake
either had enough energy to rupture across the 58°N
fracture zone, or perhaps the fracture zone only
halted rupture momentarily, as has been observed
in the M8.4 Peru megathrust earthquake in 2001 (e.g.,
Robinson and Watts, 2006). Moreover, paleoseismic
evidence indicates the Kodiak asperity sometimes
ruptures with, or sometimes independently of, the

Prince William Sound asperity (Shennan et al., 2014).
Geodetic models show spatial distributions of interseismic locking are different from coseismic strain
release (Zweck et al., 2002; Suito and Freymueller,
2009; Li et al., 2016). The 58°N fracture zone does not
show a strong gravity signal on the incoming Pacific
plate, which is likely due to 2–3 km of low-density
sediment subducting beneath the trench (Reece et
al., 2011; von Huene et al., 2012; Gulick et al., 2015;
Fig. 7A). The E-W magnetic lineament traces the
58°N fracture zone beneath the Pacific plate, and
an oblique N85°W-trending (filtered) gravity anomaly coincides with this feature beneath the wedge
(Fig. 8). The gravity field records differences in density due to structural juxtapositions in upper-plate
deformation, which is probably driven by oblique
convergence of the subducting Pacific plate. Fracture zone morphology is typified by a large ridge
and trough structure that remains structurally competent as it spreads from the mid-ocean ridge and
into the subduction zone (Menard and Atwater, 1969;
Sandwell, 1984). The outer wedge of subduction
zones is the mechanically weaker portion of the subduction zone forearc (Wang and Hu, 2006;). Wedges
thus record recent and current deformation of subducting high relief from the incoming plate, such
as seamounts or fracture zones (Basset and Watts,
2015). Considering both fracture zone morphology
and constraints from both potential field data sets,
we interpret the N85°W-trending feature to be the
upper-plate expression of the subducted 58°N fracture zone below the outer wedge. Furthermore, a
concentric anomaly in the total magnetic field near
the trench suggests a subducted seamount may
be associated with the 58°N fracture zone (Fig. 7B;
Fruehn et al., 1999; von Huene et al., 2012).
The Kodiak segment transitions from strongly
to moderately locked below the Trinity Islands and
northeast of the Kodiak Islands (Fig. 7D). This is in
contrast to that observed with the PWS segment,
which is completely locked (Zweck et al., 2002; Sauber et al., 2006; Freymueller et al., 2008). The abrupt
low-to-high change in the gravity field between the
Tugidak basin and the Kodiak Islands suggests a
potential field signature of this rupture boundary
(Fig. 7A). Moreover, lower-plate conditions change
along the Gulf of Alaska from PWS to the Kodiak
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Islands. For instance, the trailing edge of the Yakutat terrane (Fig. 7B) is highly coupled to the Pacific
plate (Brocher et al., 1994; Zweck et al., 2002). These
structures together have much shallower dip (~4°)
when compared to the Kodiak region, where the
dip gradually steepens to ~10° (Brocher et al., 1994;
Eberhart-Phillips et al., 2006; Sauber et al., 2006;
Hayes et al., 2018). Roughness of the subducting
Pacific plate could also influence regional variations
in coupling because there are numerous seamounts
and fracture zones sitting offshore from the Kodiak
Islands, as shown in the potential field data.
Post-1964 seismicity varies along-strike across
the Kodiak Islands (Fig. 7D). There is a relative paucity of large earthquakes (M>5) for the northeast
region, and a majority of the seismicity is occurring
offshore and southwest of the Kodiak Islands, suggested by others to have occurred in the subducting
Pacific plate (Doser et al., 2002; Doser, 2005). Focal
mechanisms in the southwest Kodiak region are consistent with thrust faulting where the hypocenters
cluster between 20 and 40 km depth. Models suggest
the megathrust is mostly locked landward of these
moderate seismic events (Zweck et al., 2002). However, shallow thrust events coupled with significant
margin erosion, which may cause a shallowing of
the slope angle, suggest that the southwest region
of Kodiak may be in the under-thrusting phase of
the accretionary cycle (Gutscher et al., 1998). Under
thrusting focused beneath the shelf may be accommodating some interseismic slip and may provide a
means to maintain down-dip locking below southwest Kodiak. A lack of under thrusting near the plate
interface may also explain why the KSfz tapers out
across the Semidi segment.

Semidi/Kodiak Segment Boundary
Rupture models for a 1788 A.D., a 1440–1620
A.D., and a 1060–1110 A.D. earthquake recognize a
semi-persistent boundary near the Trinity Islands
(Briggs et al., 2014; Shennan et al., 2014; Kelsey et
al., 2015; Fig. 3). The oblique subduction of fracture zones and seamount chains could complicate
megathrust interface conditions and upper-plate
deformation, and could exert enough structural
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control to act as a segment boundary (von Huene
et al., 2012). A pronounced gravity gradient parallels the KSfz. This lineament extends southwest of
Chirikof Island and northeast to the Portlock anticline (Figs. 7 and 8). The gravity signature related
to the KSfz terminates near the northern segment
boundary, but a similar gravity signature does not
define the Kodiak/Semidi segment transition. The
related lineation may instead mark the location of
the eroding continental shelf-break, or alternatively,
could represent older splay faults that do not offset
the seafloor.
Observations from multi-c hannel seismic-
reflection data (ALEUT experiment) across the
Semidi and Shumagin segments suggest that the
hydration state of the megathrust and structure of
the incoming plate play pivotal roles in regulating
seismicity and fault formation (i.e., Shillington et al.,
2015; Li et al., 2018). Intermediate-depth earthquakes
are more abundant across the Shumagin and Kodiak
regions, suggesting the Semidi segment is in a different stage of the earthquake cycle (Shillington et
al., 2015). In addition, these earthquakes may be
below the continental Moho, but ray coverage is
insufficient to image deeper megathrust structure
in detail (Bécel et al., 2017). Regarding upper-plate
structure, the central Semidi segment appears to
have several high-angle splay faults within the outer
wedge, seaward of the continental shelf break (Li et
al., 2018). However, splay faults landward of the
continental shelf break are largely unknown on the
Semidi segment (von Huene et al., 1987; von Huene
et al., 2012). Preexisting structural heterogeneity on
the incoming plate can permit fluids to enter the
subduction zone and increase the pore pressure,
thereby reducing the effective normal stress and
making it easier for earthquake rupture to propagate
through this region, once initiated. This mechanism
is inferred to be responsible for the greater number
of intermediate-depth earthquakes for the Shumagin and Kodiak segments (Shillington et al., 2015).
Our results agree with this interpretation for the
southwest Kodiak segment, especially because
offset magnetic lineations in the oceanic crust (corresponding to fracture zones), when subducted at
the trench, could contribute to fault-bending and be
favorable to fluid permeation (Fig. 7B).

Kodiak/Kenai Segment Boundary
The northeastern boundary of the Kodiak segment has been inferred to exist somewhere between
the northern Kodiak Islands and the Kenai Peninsula
(e.g., von Huene et al., 2012). Although Johnson et
al. (1996) and Ichinose et al. (2007) show an isolated
1964 slip patch between the PWS and Kodiak segments, only recently have geologic observations
been made that suggest an independent Kenai segment (e.g., Hutchinson and Crowell, 2007; Shennan
et al., 2014; Kelsey et al., 2015). If so, then it seems
likely that there is some structural expression of the
segment boundary between the Kodiak Islands and
the Kenai Peninsula.
We have newly characterized the 58°N fracture with magnetic and gravity data (Figs. 7 and 8).
A prominent structural high on the upper plate lies
immediately above the subducted 58°N fracture
zone on the Kodiak forearc and sources the positive
gravity lineament on the landward side of the continental shelf break (Fig. 7; Fisher, 1980). The trend
of both the related anticline and this fracture zone
bound the negative gravity anomaly to the north of
Kodiak Islands (Figs. 7A and 8). However, the uplift is
Miocene to Pliocene in age (von Huene et al., 1987)
and is most likely not associated with subduction
of the 58°N fracture zone because the depth to the
plate interface is nearly 20–25 km below the anticline
(Hayes et al., 2018). Northwest of the 58°N fracture
zone trend, however, KSfz scarp heights diminish
and offset reflectors in MMS reflection profiles
do not extend to the seafloor. KSfz scarps are not
apparent onto the Kenai segment, which suggests
the zone of focused uplift (i.e., active splay faulting)
does not persist onto the negative gravity anomaly
region (Fig. 7A). Unfortunately, geodetic inversions
lack resolution across the Kodiak/Kenai segment
transition, because it lies sufficiently far offshore
(Zweck et al., 2002; Freymueller et al., 2008; Li et al.,
2016). The Ichinose et al. (2007) slip model shows
that the middle asperity is confined to the Kenai
Peninsula region, and the 58°N fracture zone forms
a possible southern boundary (Fig. 7C); though the
influence of a subducted fracture zone is speculative. Thus, there is a structural (KSfz), geophysical
(gravity and magnetics), and coseismic expression
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(slip model) of physical property changes that can be
related to inferred plate interface conditions.
The Kodiak and Kenai segment boundary may
also be driven by differences in subducting sediment volume. Between the 58°N fracture zone and
PWS, there is an absence of significant structural
relief on the incoming plate, and sediment from
the Surveyor Fan is the primary material above the
oceanic crust (Reece et al., 2011). Seismic-reflection
profiles show >1 km of sediment near the trench
(Fruehn et al., 1999). Assuming enough of the Surveyor Fan has been subducted, this sediment may
contribute to the low-velocity anomaly, negative
free-air gravity, and general lack of thrust earthquakes occurring near the interface below the Kenai
Peninsula (Ye et al., 1997; Doser et al., 2002). Furthermore, geomechanical models of forearc basin
growth and wedge dynamics show that if there is
significant sedimentation on the upper plate, then
pervasive internal deformation (i.e., faulting) in the
forearc basin is not favored because the wedge
becomes stable due to lower shear traction on the
megathrust (Fuller et al., 2006).
Porto and Fitzenz (2016) adopted a Bayesian
approach using earthquake catalog data to assess
segment boundaries for the Alaska subduction zone.
Their methodology suggests a potential segment
boundary northeast of the Kodiak Islands. This is
broadly consistent with the along-strike change in
focal mechanism character (i.e., Fig. 7D) and where
we interpret the northeast termination of the KSfz.

■ FAULT SEGMENT SUMMARY
We infer from legacy seismic-reflection data
(MMS profiles) that the KSfz faults are splay faults
that diverge from, or near, the megathrust at ~30 km
depth. This depth is greater than the 20 km depth
of the plate interface beneath splay faults in the
PWS region (Brocher et al., 1994; Liberty et al., 2013;
Haeussler et al., 2015); however, this is likely due to
simple Pacific plate subduction below the Kodiak
region compared to the additional Yakutat terrane
subduction near PWS (Moore et al., 1991; Ye et al.,
1997). Focused uplift along the KSfz near the Kodiak
Islands shoreline exceeds that of the ABfz in the
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along-dip direction of the megathrust and is limited in the along-strike direction by the region of
under thrusting to the southwest and subduction of
the 58°N fracture zone to the northeast. Wells et al.
(2003) inferred that crustal duplexing might be the
source of the unique gravity signal across the Kodiak
Islands. Previous studies near PWS find that splay
faulting is assisted by crustal duplexing above the
megathrust (i.e., Liberty et al., 2013, 2019; Haeussler
et al., 2015). Megathrust duplexing is one hypothesis supporting the observed Kodiak Islands gravity
character and uplift patterns of the KSfz. We do not
have complementary constraints on megathrust
geometry at depths greater than 10 km across the
central Kodiak Islands, but the Slab2 model (Hayes
et al., 2018) would place the region of duplexing
near 25 km depth to the plate interface.

■ CONCLUSIONS
We identify and characterize upper-plate splay
fault uplift patterns that may be driven by plate interface conditions. The active faults that we identify
have persisted across the Kodiak Islands offshore
region during many Holocene megathrust earthquakes. Subduction of fracture zones, seamounts,
and sediments may drive megathrust segmentation and delimit where active splay faults are found
along the Gulf of Alaska margin.
A near-shore tsunami risk is present for coastal
populations on mainland Kodiak Island. Our tsunami modeling offers an updated view on how
tsunamigenic faults uplift in response to megathrust
slip offshore of the Kodiak Islands. We find that a
narrow region of the Kodiak Shelf fault zone is consistent with the tsunami source during the GAE
because a majority of propagated wave fronts
converge to one location where we image tall fault
scarps (>20 m). We term this tsunamigenic fault the
Ugak fault. This fault, and parallel faults of the KSfz,
should be included in seismic and tsunami hazard
analysis of the region.
Overall, the spatial variability in the KSfz seafloor
scarp height indicates discrete, short (<30 km) uplift
patterns, and thus fault segmentation. More detailed,
high-resolution bathymetric and seismic-reflection

data would help to further constrain fault characteristics and slip rates, especially near proposed
segment boundaries.

■ DATA AND RESOURCES
For our tsunami source and fault mapping analysis, we utilize a regional bathymetry data set to
identify Kodiak shelf seafloor scarps (NOAA National
Geophysical Data Center, 2009, Southern Alaska
Coastal Relief Model: NOAA National Centers for
Environmental Information: https://doi.org/10.7289
/V58G8HMQ). Seafloor topographic data are available from NOAA at https://www.ngdc.noaa.gov/mgg
/bathymetry/hydro.html. The legacy seismic profiles
were obtained as digital scans of stacked travel-time
images from MMS permit 75-02 (https://www.boem
.gov/Geological-and-Geophysical-Data-Acquisition
-and-Analysis/; Liberty, 2013). EMAG2: Earth Magnetic Anomaly Grid (Maus, 2009) was obtained
from the NOAA National Centers for Environmental Information. Global marine gravity model from
CryoSat-2 and Jason-1 was obtained from the
National Geophysical Data Center at https://data
.noaa.gov (Sandwell et al., 2014).
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